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We present a detailed nuclear magnetic resonance (NMR) study of 239Pu in bulk and powdered
single-crystal plutonium tetraboride (PuB4), which has recently been investigated as a potential
correlated topological insulator. This study constitutes the second-ever observation of the 239Pu
NMR signal, and provides unique on-site sensitivity to the rich f -electron physics and insight into the
bulk gap-like behavior in PuB4. The
239Pu NMR spectra are consistent with axial symmetry of the
shift tensor showing for the first time that 239Pu NMR can be observed in an anisotropic environment
and up to room temperature. The temperature dependence of the 239Pu shift, combined with a
relatively long spin-lattice relaxation time (T1), indicate that PuB4 adopts a non-magnetic state with
gap-like behavior consistent with our density functional theory (DFT) calculations. The temperature
dependencies of the NMR Knight shift and T−11 —microscopic quantities sensitive only to bulk
states—imply bulk gap-like behavior confirming that PuB4 is a good candidate topological insulator.
The large contrast between the 239Pu orbital shifts in the ionic insulator PuO2 (∼ +24.7 %) and
PuB4 (∼ −0.5 %) provides a new tool to investigate the nature of chemical bonding in plutonium
materials.
Topological insulators have received much attention re-
cently due to the experimental verification of the theo-
retical prediction of topologically nontrivial symmetry-
protected surface states [1, 2]. Kondo insulators are f -
electron systems with strong correlations in which hy-
bridization of the f -electrons with conduction electrons
forms a gap at the Fermi level [3]. Strong spin-orbit cou-
pling can result in a topological Kondo insulator in which
band inversion drives the emergence of nontrivial topo-
logically protected gapless surface states [4, 5]. Samar-
ium hexaboride (SmB6) is the primary candidate exam-
ple of a topological Kondo insulator [6–9]. As compared
with rare-earth 4f -electron systems, the actinide 5f -
electron systems have more spatially-extended f -electron
wave functions, which generally results in an enhance-
ment of the energy scales involved [10–12]. Plutonium
(Pu) materials display particularly complex physical
properties due to the 5f -electrons lying on the brink be-
tween bonding and non-bonding configurations [13, 14].
For example, elemental Pu forms in six allotropes at am-
bient pressure that vary in density by up to 25% [15, 16].
Pu compounds display a wide variety of electronic ground
states including heavy-fermion behavior, magnetism, su-
perconductivity [17], and most recently the prediction of
topologically non-trivial states [12, 18].
Very recently, plutonium tetraboride (PuB4) has been
theoretically predicted to be a strong topological insu-
lator in which electronic correlations play an important
role [19]. The density functional theory (DFT) calcula-
tions predict a band gap ∆ ∼ 254 meV and dynamical
mean-field theory (DMFT) calculations find that elec-
tronic correlations significantly reduce the magnitude of
the predicted energy gap. Experimental measurements
from the same work find an increase of the resistiv-
ity with decreasing temperature and saturation at low
temperature reminiscent of the behavior of SmB6 [20].
Fits to the temperature dependent resistivity yield an
energy gap ∆ = 35 meV, which is taken as evidence
for correlation-induced suppression of the expected gap
value. PuB4 forms in the tetragonal ThB4-type crystal
structure with space group P4/mbm (# 127) as shown in
Fig. 1(a) and was first reported nearly 60 years ago [21–
23]. Magnetic measurements of PuB4 indicated that
the Pu magnetic moment is very small, on the order of
7.2 × 10−4 emu/mol and shows little temperature de-
pendence [24]. This small magnetic susceptibility and
insulating-like electrical transport make PuB4 an ideal
material in which to search for 239Pu nuclear magnetic
resonance (NMR).
NMR is a powerful tool for the investigation of the
physics and chemistry of condensed matter in gen-
eral [27–30]. The 239Pu nucleus has nuclear spin I = 12
and is of great interest as an on-site probe of the rich
f -electron physics of Pu. The first attempt to observe
239Pu NMR was performed on α-Pu more than 50 years
ago [31], however to date there is only a single report of
239Pu NMR [26] in the ionic insulator PuO2. The main
difficulty involved in observing 239Pu NMR—and other
f -electron nuclei, in general—can be traced to the very
strong hyperfine fields at the nucleus produced by on-
site hyperfine coupling to the f -electrons. Consequently,
the resulting spectral width can be very large, and the
spin-lattice (T1) and spin-spin (T2) relaxation times can
be extremely short, which makes detection of the signal
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FIG. 1. (a) Unit cell of PuB4 illustrating the single pluto-
nium site and three inequivalent boron sites [25]. (b) Density
of states (DOS) and partial DOS as a function of energy cal-
culated within density functional theory including spin-orbit
coupling. The inset shows an expanded region near the Fermi
energy where there is an energy gap of ∆ ∼ 254 meV.
difficult. These effects can be minimized in systems with
a gap in the electronic and spin excitation spectrum, as
evident in the case of PuO2, UO2, and YbB12 [26, 32, 33].
Here we report the observation of, and the microscopic
properties extracted from 239Pu NMR in powdered and
single crystalline PuB4. Crystals were grown by an Al-
flux method and sample preparation details are provided
in the Supplementary Material. We deduce the reso-
nant condition of 239Pu in PuB4
239γ(1 + KPuB4)/2pi =
2.288± 0.001 MHz/T from the powder spectra, and find
axial symmetry of the hyperfine interaction on the Pu
site. Both the powder and the single crystal Knight shift
K(T ) of 239Pu show temperature dependence consistent
with gap-like behavior with a static energy gap (extracted
from the single crystalline Kc(T ) data) ∆K ≈ 156 meV.
The relaxation time is quite long—on the order of mil-
liseconds to seconds—even at the 239Pu site, indicating
that the f -electron configuration is non-magnetic. The
dominant temperature dependence of the spin-lattice re-
laxation rate T−11 (T ) also shows gap-like behavior with a
dominant dynamic gap ∆T1 ≈ 251 meV. We compare our
experimental NMR results with the density of states, cal-
culated within density functional theory including spin-
orbit coupling, which finds a gap of similar order of mag-
nitude. A weak low-temperature peak in T−11 (T ) indi-
cates the presence of bulk in-gap magnetic states with a
gap δ ≈ 2 meV.
Our DFT calculations including spin-orbit coupling re-
veal a gap in the density of states (DOS) at the Fermi
energy EF of roughly 254 meV as shown in Fig. 1(b).
To account for the presence of correlations we also per-
formed DFT + DMFT calculations. Using a U of 4.5
eV and high-order Slater integrals amounting to an ef-
fective J = 0.512 eV [34, 35] and attempting to stabilize
a magnetic solution, we find that the self-consistent so-
lution recovers a non-magnetic state with a band gap at
the Fermi level of order 10.3 meV (see Supplemental Ma-
terial for further calculation details). The appreciable
calculated gap in the DOS combined with an expected
non-magnetic ground state indicate the probable absence
of strong spin- and charge-relaxation channels, and there-
fore, we expect the spin-lattice relaxation rate in PuB4
to be long enough to observe the 239Pu signal. The 239Pu
nucleus has I = 12 and the bare gyromagnetic ratio was
determined based on the initial observation in PuO2 to
be 239γ/2pi = 2.29±0.001 MHz/T [26]. Consequently, we
would expect to find an NMR signal in the field range of
roughly 7 to 9 T with an rf excitation frequency f0 ∼ 20
MHz. Indeed, for f0 = 20.222 MHz we discovered an
asymmetric powder spectrum between 8.80 and 8.92 T
as shown in Fig. 2(a-b). To establish that the observed
signal is indeed due to 239Pu from PuB4 field-swept spec-
tra were collected at several frequencies. These spectra
are shown in Fig. 2(a) and they confirm the intrinsic na-
ture of the NMR signal.
The crystal structure of PuB4 has a single Pu site with
oriented site symmetry m.2m (see Fig. 1(a)). For each
crystallite in the powdered sample the resonance con-
dition can be expressed as 2pif0 = γB0(1 + Ki) where
Ki are the elements of the shift tensor for a given field
orientation and B0 is the magnetic field at which the res-
onance occurs for frequency f0. Although the local sym-
metry is orthorhombic in principle, the non-axial com-
ponents of the shift tensor are found to be extremely
close to zero from the spectral pattern in Fig. 2(b), i.e.,
it can be practically regarded to be tetragonal. Assum-
ing tetragonal symmetry for the hyperfine interaction on
Pu, the isotropic and axial shifts (Kiso and Kax, respec-
tively) are extracted from the observed Kc and Kab us-
ing Kiso = (Kc + 2Kab)/3 and Kax = (Kc − Kab)/3,
where the angular dependence of the shift is given by
K(θ) = Kiso +Kax(3 cos
2 θ − 1).
The isotropic shift of 239Pu in PuB4 is Kiso(T =
4 K) = −0.09± 0.04 % is obtained from the slope in the
frequency vs. field plot in Fig. 2(a). This value is notably
different from the shift K(T = 4 K) = 24.72 ± 0.04 %
of 239Pu in PuO2 [26]. To calculate these shifts we
have assumed the bare 239γ/2pi = 2.29 MHz/T as de-
termined from the study of PuO2 [26]. Kax(T = 4 K) =
−0.48 ± 0.01 % is also significantly different from the
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FIG. 2. (a) 239Pu nuclear magnetic resonance (NMR) field-swept spectra of powdered single crystals of PuB4 at several
frequencies at T = 4 K. Spectra are normalized to the maximum value and offset vertically so as to correspond to the observed
frequency f0 on the left axis. Red circles and line indicate the resonant condition of
239Pu in PuB4
239γ(1 + KPuB4)/2pi =
2.288 ± 0.001 MHz/T (at T = 4 K) and green dashed line shows 239γ(1 + KPuO2)/2pi = 2.856 ± 0.001 MHz/T as determine
previously [26]. (b) 239Pu NMR field-swept spectra at f0 = 20.222 MHz offset vertically for several temperatures. Solid red
curves are best fits as described in the text. Vertical dashed line indicates zero shift K = 0 using 239γ/2pi = 2.29 MHz/T. (c)
239Kiso and
239Kax vs temperature extracted from fits in (b).
shift found in PuO2 [26] at the same temperature. It is
worth noting that the relatively small absolute value of
Kax was crucial to find the
239Pu signal in an anisotropic
environment.
The temperature dependence of the field-swept spectra
at f0 = 20.222 MHz and the corresponding least-squares
fits are shown in Fig. 2(b). An axially symmetric shift
tensor remains a good approximation for all temperatures
measured. Fig. 2(c) illustrates that Kiso has a small neg-
ative value with a positive temperature dependence, and
Kax has a larger negative value with a smaller tempera-
ture dependence relative to Kiso. In general, Kiso orig-
inates from the spin-polarized Fermi contact interaction
and couples to the uniform spin susceptibility via the hy-
perfine interaction. Kax may be dominantly attributed
to the temperature independent orbital hyperfine inter-
action with a small temperature dependence resulting
from a reduction of the anisotropy of the spin suscep-
tibility with increasing temperature. The facts that the
spin-lattice relaxation time in PuB4 is sufficiently long to
enable the observation of 239Pu NMR, and that Knight
shifts are weakly temperature dependent imply that the
electronic state of Pu in PuB4 is nearly nonmagnetic.
Assuming a local picture this implies either that Pu has
a 5f6 configuration or PuB4 adopts a Kondo insulating
state.
Finally, we performed measurements on a single crystal
of PuB4 for the external field applied along the cˆ-axis. We
measured both the cˆ-axis 239Pu shift Kc and T
−1
1 as a
function of temperature up to 300 K as shown in Fig. 3.
We fit the 239Pu inversion recovery curves to the form
MN (t) = MN (∞)
(
1− αe−(t/T1)β
)
, (1)
where MN (∞) is the equilibrium nuclear magnetization,
α is the inversion fraction, T1 is the spin-lattice relaxation
time, and β is a stretching exponent that modifies the
expected single exponential behavior (β = 1). We find
that βavg = 0.813, which is a measure of the width of the
probability distribution of T1 [36], is independent of tem-
perature and may indicate sensitivity to self-irradiation
induced disorder [37]. Both Kc and T
−1
1 are consistent
with gap-like behavior, and T−11 exhibits a low temper-
ature maximum consistent with the presence of in-gap
states which are suppressed with applied magnetic field
as shown in the inset of Fig. 3.
From a chemistry perspective, the 239Pu orbital shift is
very different between PuO2 (∼ +24.7 % [26]) and PuB4
(∼ −0.5 %). The origin of the difference in magnitude of
the orbital shift is clear from the fact that in the case of
PuO2 the Pu ion has a completely ionic Pu
4+ (5f4) state
and experiences strong cubic crystalline electronic field
giving rise to a non-magnetic ground state with a Van
Vleck orbital magnetism, which is the main source of the
hyperfine interaction to the Pu nuclear moment. In con-
trast, DFT + DMFT calculations point to PuB4 being a
strongly correlated insulator with possible strong topo-
logical character, similar to the case of SmB6. In SmB6
the gap arises from hybridization between 4f and lig-
and electrons that give rise to a pronounced non-integral
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FIG. 3. Single crystal 239Pu NMR data for external field
aligned along the crystalline cˆ direction. (a) Shift Kc vs. tem-
perature and fit (solid line) to gap-like behavior as discussed
in the text which yields an energy gap ∆K = 155.6 ± 11.0
meV, but is not sensitive to the in-gap states. The inset shows
the model density of states ρ(E) vs. energy E employed in
the fits. (b) Spin-lattice relaxation rate T−11 vs. tempera-
ture and fit (solid line) to gap-like behavior as discussed in
the text which yields energy gaps ∆T1 = 251.3 ± 49.4 meV
and δ = 1.8± 2.4 meV. The external field was adjusted (from
8.5900 T at 5 K to 8.5455 T at 300 K) such that the observed
frequency was f0 = 19.465 MHz for all temperatures. The in-
set shows the field dependence of T−11 at T = 5 K indicating
the suppression of in-gap states with applied external field.
value of the 4f configuration. Our results suggest that
this is also the case in PuB4. The large difference in
orbital shift between PuO2 and PuB4 clearly indicates
that 239Pu NMR is highly sensitive to the degree of bond
mixing and the f -electron configuration. Furthermore,
the relaxation time is roughly two orders of magnitude
shorter than in PuO2 [26], which likely reflects the differ-
ence in chemical environments between PuB4 and PuO2.
The capability to measure 239Pu was key to observ-
ing gap-like behavior in the static and dynamic spin-
susceptibilities as evidenced by the temperature depen-
dencies of Kc and T
−1
1 shown in Fig. 3. Our
11B measure-
ments of the temperature dependence of the Knight shift
(see Supplemental Material) do not show any evidence of
gap-like behavior, likely due to the much smaller value of
the hyperfine coupling of the 11B nuclei to the electrons
as compared to the 239Pu hyperfine coupling, which is
expected to be on the order of 150 T/µB . Therefore, our
239Pu NMR results are sensitive to otherwise enigmatic
physics in PuB4.
There exist a number of previous NMR studies
that find gap-like behavior of f -electron systems, e.g.
SmB6 [38, 39], YbB12 [33], Ce3Bi4Pt3 [40]. Here we fol-
low the analysis scheme of SmB6 [39] by fitting the tem-
perature dependence of the 239Pu Knight shift and spin-
lattice relaxation rate by assuming a simple model for
the density of states near the Fermi energy. The Knight
shift is given by,
K(T ) ∝
∫
f(E, T )[1− f(E, T )]ρ(E)dE, (2)
where f(E, T ) is the Fermi function and ρ(E) is the den-
sity of states. The spin-lattice relaxation rate is given
by,
T−11 (T ) ∝
∫
f(E, T )[1− f(E, T )]ρ(E)2dE. (3)
We assume a simplified model of the density of states
(equivalent to that of Caldwell et al. [39]) given by,
ρ(E) = ρi(T ) for δ < |E| < Wi
= ρ for ∆ < |E| < W, (4)
and zero otherwise as shown in the inset of Fig. 3(a). We
perform least-squares fits using a Levenberg-Marquardt
minimization algorithm which iteratively recalculates the
model function via numerical integration of Eqns. 2 and
3 (see Supplemental Material for a full description of
the curve fitting). The energy gap extracted from the
Knight shift ∆K = 155.6 ± 11.0. For the Knight shift
we find no indication of the presence of in-gap states,
that is ρi(T ) = 0, similar to the static susceptibility of
SmB6 [39]. The dominant energy gap extracted from the
spin-lattice relaxation ∆T1 = 251.3±49.4 meV. A smaller
in-gap density of states ρi(T ) = ρi0e
−T/T0 with an energy
gap δ = 1.8 ± 2.4 meV was also found to be consistent
with the small low temperature enhancement of T−11 (T ).
The discrepancy between the static gap ∆K and the dy-
namic gap ∆T1 has been observed in numerous spin-gap
systems [41] and is related to differences in the processes
that contribute to the Knight shift and the spin-lattice
relaxation. In the majority of these spin-gap systems the
dynamic gap ∆T1 > ∆K and on average ∆T1/∆K = 1.73.
In the case of PuB4 we find ∆T1/∆K = 1.6± 0.3.
While NMR is not sensitive to the surface states in
bulk powders or single crystals [42], it is a powerful
microscopic probe of the bulk properties of topological
materials. Our 239Pu NMR results are consistent with
a bulk gap which is only slightly suppressed from the
DFT+SOC calculated value of 254 meV. In addition to
the dominant gap-like behavior evidenced by Kc(T ) and
T−11 (T ), we also find a small peak at low temperature
5that is reminiscent of the 11B T−11 (T ) in SmB6 [38] and
YbB12 [33]. In SmB6 the peak is thought to be due to
bulk magnetic in-gap states, and while the nature of these
states is still controversial, it has been suggested that
these states are identical to the topologically protected
surface states [43]. In PuB4 we find that T
−1
1 (T = 5 K) is
strongly field dependent as shown in the inset of Fig. 3(b),
which is similar to previous field dependent measure-
ments of SmB6 [39].
These results motivate further investigation of the field
and Pu-substitution dependence of T−11 over a wide tem-
perature range. Previous transport measurements find
a much smaller gap ∆ = 35 meV [19]. This is also the
case in YbB12, where NMR finds a larger gap than re-
sistivity, and may be related to the presence of in-gap
states which account for the low temperature enhance-
ment in T−11 . This discrepancy motivates Hall coeffi-
cient measurements in PuB4 (which in YbB12 agree with
the NMR-measured gap), as well as surface-sensitive tun-
neling or spin-polarized ARPES measurements. Finally,
we note that measurements comparing 11B and 10B T−11
in YbB12 and Yb0.99Lu0.01B12 provide evidence for an-
other interpretation of the low temperature relaxation
enhancement, namely that it may be driven by fluc-
tuations of defect-induced magnetic centers and spin-
diffusion-assisted relaxation [44]. These YbB12 results
motivate further measurements and comparison of 11B
and 10B T−11 in PuB4.
To conclude, we have performed 239Pu NMR measure-
ments for the second time ever in powdered and sin-
gle crystalline PuB4. We extracted the isotropic and
anisotropic shifts from the uniaxially symmetric powder
pattern and demonstrate that one can observe the 239Pu
NMR signal in anisotropic environments and up to room
temperature. The large contrast of the orbital shift be-
tween the purely ionic insulator PuO2 (∼ +24.7 %) and
band insulator PuB4 (∼ −0.5 %) provide us with new
tool to investigate the nature of the chemical bond based
on the value of the 239Pu shift. Single crystal 239Pu NMR
measurements of Kc(T ) and T
−1
1 (T ) provide unique ac-
cess to bulk gap-like behavior with an energy gap that
is only slightly suppressed with respect to DFT+SOC
calculations, and T−11 (T ) also evidences the existence of
bulk in-gap states. Our confirmation of a bulk gap mo-
tivate future surface sensitive measurements to confirm
the theoretical prediction that PuB4 is a topological in-
sulator.
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EXPERIMENTAL AND THEORETICAL
METHODS
Single crystals of PuB4 were grown from aluminum
flux. Elemental α-Pu (isotopic mixture: 0.013 wt. %
238Pu, 93.96% 239Pu, 5.908% 240Pu, 0.098% 241Pu, and
0.025% 242Pu) was placed in a 10 ml alumina crucible
along with boron pieces (99.9999%) and aluminum shot
(99.999%) in the molar ratio Pu:B:Al=1:6:600. The con-
stituents were heated in flowing purified argon to 1450 ◦C
at a rate of 50 ◦C/hour, held at 1450 ◦C for 10 hours, then
cooled slowly at 5 ◦C/hour to 1000 ◦C at which point the
furnace was turned off. After the furnace reached room
temperature the crucibles were removed from the fur-
nace. The aluminum was dissolved from the crucible by
etching with a NaOH (500 mL, 8 M) solution. The etch-
ing was preformed inside a 1 L Pyrex beaker, which was
capped with Teflon foil, all of which sat in an 1170 mL
Pyrex crystallization dish. After two days all of the alu-
minum dissolved leaving behind well-faceted PuB4 crys-
tals with typical dimensions 1×1×0.3 mm3. No trace of
the cubic PuB6 structure was found in the sample batch.
The single crystal X-ray diffraction results indicate full
occupancy of the B sites with no interstitial or free B.
The PuB4 single crystals were ground to a powder us-
ing an agate mortar and pestle. The powder was then
sifted through a 125-µm sieve, then through a 30-µm
sieve to remove the finest particles. 125 mg of powder
between 30 and 125 µm was loaded into an NMR coil
embedded in a Stycast 1266 epoxy cube with dimensions
20×20×20 mm3 to avoid radioactive contamination. The
cube was hollow along the coil’s axis with both of its ends
sealed by titanium frits with 2-µm diameter pores, allow-
ing for thermal contact via He gas heat transfer.
All NMR spectral data were collected by performing
an optimized spin-echo pi/2− τ − pi pulse sequence. T−11
was measured by integration of the phase-corrected real
part of the spin echo following an inversion or saturation
recovery pi−twait−pi/2−τ−pi pulse sequence. Home-built
NMR probes with variable cryogenic capacitors were used
in conjunction with superconducting NMR magnets that
have a field homogeneity better than 10 ppm over a 1-cm
diameter spherical volume.
DFT calculations were performed using the WIEN2k
code [1]. For the exchange-correlation potential we used
the parameterization of Perdew-Burke-Ernzerhof based
on the generalized gradient approximation [2], and spin-
orbit interactions were included through a second varia-
tional method. The electric field gradient is subsequently
determined directly as a second derivative of the electro-
static potential, which is obtained by solving Poisson’s
equation using the self-consistently determined charge
density from the all-electron DFT calculation [3]. The ef-
fects of correlations were included using a DFT+DMFT
approach [4, 5]. Allowing a spin-polarized solution for the
DFT calculation incorrectly leads to a metallic solution
with a magnetic moment of 4.4 µB per formula unit.
Fully self-consistency calculations in both charge den-
sity and impurity Green’s functions were carried out at
a temperature of T = 116 K. The Coulomb interaction
U = 4.5 eV was used together with remaining Slater inte-
grals F 2 = 6.1 eV, F 4 = 4.1 eV and F 6 = 3.0 eV reduced
by 30%. The quantum impurity model was solved by us-
ing the strong coupling version of the continuous time
quantum Monte Carlo method [6, 7]. The calculations
involved at least 10 iterations of charge self-consistency
(each containing 1 DMFT iteration and 10 LDA itera-
tions).
CONTROL EXPERIMENT
As 239Pu nuclear magnetic resonance (NMR) has only
been observed in one previous compound, it was prudent
to perform a control experiment to confirm that the ob-
served signal was indeed intrinsic to the PuB4. The same
experiment was conducted after replacing the sample and
encapsulation cube with an identical but empty cube.
The rest of the experimental apparatus was unchanged
and operated under identical conditions of temperature,
magnetic field, and observation frequency. No NMR sig-
nal was observed in this control experiment. Further-
more, we performed a two-dimensional rf pulse power
optimization experiment on the empty control-cube at
the resonance conditions stated in the main text. No
signal was observed for any excitation conditions.
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the same crystal orientation with temperature as an implicit
parameter.
239PU HYPERFINE COUPLING ANALYSIS
We attempt a naive analysis of the 239Pu hyperfine
coupling Ac in a single crystal sample of PuB4 for ex-
ternal field aligned with the crystalline c-axis by plotting
Kc vs χc with temperature as an implicit parameter. We
observe a positive slope of the K-χ plot and use the slope
of a linear fit to estimate the hyperfine coupling Ac. The
K-χ plot is not linear, and therefore we performed fits to
two separate regions. The high temperature region was
taken to be 200-300 K and the intermediate temperature
region was chosen to be 100-200 K. The hyperfine cou-
plings quoted in Fig. S1 should be taken with caution as
it is known that the relationship between the hyperfine
coupling and the slope of the K-χ plot is no longer trivial
in the case of strong spin-orbit coupling [8]. In spite of
this caveat we find a relatively large hyperfine coupling
at high temperatures on the order of the free-ion calcula-
tion of 258.3 T/µB for Pu
4+ [9]. Below 100 K the Knight
shift saturates and remains constant, whereas the suscep-
tibility increases down to the lowest temperatures. This
low temperature tail in the bulk susceptibility likely re-
sults from paramagnetic impurities. The Knight shift is
unaffected by the small concentration of impurities and
is able to probe the small of density of states within the
gap. At high temperatures the susceptibility increases
only slightly, likely due to the nearly nonmagnetic state
of the Pu f -electrons in PuB4.
239PU GAP FITTING PROCEDURE
In the main text we briefly describe the fitting pro-
cedure for extracting the gap values of the static gap
∆k and the dynamic gap ∆T1 . Here we detail the exact
method and all optimized fit parameters for the benefit of
the reader (with some repetition for clarity) .The general
form of the Knight shift is given by,
K(T ) ∝
∫
f(E, T )[1− f(E, T )]ρ(E)dE, (S1)
where f(E, T ) is the Fermi function and ρ(E) is the den-
sity of states (DOS). The spin-lattice relaxation rate is
given by,
T−11 (T ) ∝
∫
f(E, T )[1− f(E, T )]ρ(E)2dE. (S2)
In the above equations the Fermi function given by,
f(E, T ) =
1
exp
(
E−EF
2kBT
)
+ 1
, (S3)
where EF is the Fermi energy and kB is the Boltzmann
constant. We model the DOS as,
ρ(E) = ρi(T ) for δ < |E| < Wi
= ρ for ∆ < |E| < W, (S4)
and zero otherwise. Within this model the in-gap DOS
must have some temperature dependence due to the fact
that the relaxation rate is peak-like and not simply acti-
vated. Following the same analysis scheme used by Cald-
well et al. for SmB6 [10], we express the in-gap DOS as
ρi(T ) = ρi0e
−T/T0 , (S5)
where ρi0 is the maximum value of the in-gap DOS and
T0 is a characteristic temperature scale. For the actual
fits we must include a temperature independent offset
K0 for the case of K(T ) and (T
−1
1 )0 is a temperature-
independent residual relaxation rate.
The fitting procedure was written in the Python pro-
gramming language and makes use of the numpy (numer-
ical python) and lmfit (Levenberg-Marquardt fit) pack-
ages. We write objective functions for K(T )(Eqn. S1)
and T−11 (T ) (Eqn. S2) which are integrated over energy
for each temperature at which experimental data exists.
We then input the respective objective function into a
second minimization function that uses the lmfit pack-
age’s Minimizer class. We hold the Fermi energy to be
at the gap center as the gross features of the experimen-
tal data are not well reproduced for EF 6≈ 0. Initially
we explore the parameter space for physically reasonable
parameter guesses for the free parameters (rhoi0, T0, δ,
Wi, ρ, ∆, W , and either K0 or (T
−1
1 )0). An initial min-
imization was performed using the Nelder-Mead method
which is fast and better at finding the global minimum of
χ2, but is unable to calculate the standard errors. Then
we use the minimized output fit coefficients of the Nelder-
Mead method as an input for the Levenberg-Marquardt
χ2 minimizer, yielding the gap values and standard er-
rors quoted in the main text of the manuscript and all
coefficients shown in Table S1.
3∆ (meV) δ (meV) K0 (%) (T
−1
1 )0 (s
−1) ρ (arb. units) ρi0 (arb. units) T0 (K) W (meV) Wi (meV)
K(T ) 155.6± 11.0 - −1.042± 0.005 - 2.1± 0.4 0 - 1500 -
T−11 (T ) 251.3± 49.4 1.8± 2.4 - 10.1± 7.2 2560.3± 1740.9 169.1± 22.9 51.8± 17.1 1500 100
TABLE S1. Fit coefficients for single crystal 239Pu K(T ) and T−11 (T ).
The fitting procedure for K(T ) is straightforward. Due
to the fact that we do not observe any low tempera-
ture enhancement in the Knight shift, we hold the in-gap
states to be zero by holding rhoi0 = 0 and. We also veri-
fied that allowing ρi(T ) to vary results in rhoi0 ≈ 0. The
bandwidth W was found to evolve to values larger than 1
eV, and to have little effect on the functional form of the
objective function for W & 1000 meV and therefore we
hold W = 1500 meV (this was also true for the T−11 (T )).
So the only remaining parameters that were allowed to
vary are ρ, ∆, and K0. The optimized values obtained
for the parameters for K(T ) are given in the first row of
Table S1. The numerical integral is carried out over the
range E = −3 to 3 eV with an energy resolution of 0.06
meV.
For T−11 (T ) the fitting procedure was more compli-
cated due to the appearance of a low temperature peak
similar to SmB6 and YbB12 for example. We hold the
Fermi energy EF = 0 and W = 1500 meV as mentioned
above, and used the Nelder-Mead method to search the
parameter space for reasonable initial guesses. We found
that the bandwidth of the in-gap states had a similar
lack of effect on the model function for Wi & 50 meV,
and so we chose to hold Wi = 100 meV. The best fit
coefficients can be found in the second row of Table S1.
We found good stability of the optimized parameters as-
sociated with the dominant gap-like behavior (ρ and ∆)
independent of the initial guesses, indicating that we are
indeed finding the global minimum of these coefficients
in the parameter space. Even for the case where we ig-
nore the in-gap states and hold ρi0 = 0 we find ∆ ∼ 250
meV. On the other hand, the best fit coefficients associ-
ated with the in-gap states have larger standard errors
(e.g. the small gap δ). This is partially due to the small
effect of the in-gap states on T−11 (T ), but also due to
correlations between the parameters. As such, we do not
draw conclusions in the main text from the exact values
of these quantities.
239PU SPIN-LATTICE RELAXATION RATE
ANISOTROPY
For an initial study of nuclear spin-lattice relaxation
behavior in powdered single crystals of PuB4, we mea-
sured the 239Pu nuclear magnetization recovery curves
for both the B0 ‖ c shoulder of the spectrum (high-field
side) and the B0 ⊥ c peak in a powder of PuB4 (shown
in Fig. S2). We fit the 239Pu inversion recovery curves to
the form
MN (t) = MN (∞)
(
1− αe−(t/T1)β
)
, (S6)
where MN (∞) is the equilibrium nuclear magnetization,
α is the inversion fraction, T1 is the spin-lattice relaxation
time, and β is a stretching exponent that modifies the
expected single exponential behavior (β = 1).
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FIG. S2. Inversion recovery curve in powdered PuB4 showing
the real part of the integrated 239Pu spin-echo signal as a
function of delay time t. The recovery curves are well fit by a
stretched exponential function for an I = 1
2
nucleus (Eqn. S6)
and show moderate anisotropy as discussed in the text. The
inset shows the spectral positions where the recovery curves
were acquired.
For the crystallites with B0 ⊥ c we find T−11 = 14.81±
0.93 s−1 and β = 0.55 ± 0.03, and for crystallites with
B0 ‖ c we find T−11 = 7.16± 92 s−1 and β = 0.56± 0.05.
In this case, T−11 is the median of the probability dis-
tribution of relaxation rates and β is a measure of the
logarithmic full-width at half maximum, with the distri-
bution approaching a Dirac delta function as β → 1 [11].
The appearance of stretched exponential behavior is not
completely clear, but is partially caused by a sensitivity
to crystalline imperfections caused by grinding to pro-
duce the powdered sample. In our single crystal mea-
surements discussed in the main manuscript we find that
β is much closer to unity and nearly temperature inde-
pendent (βavg = 0.813); this may indicate sensitivity to
self-irradiation induced disorder [12]. Even though we
cannot extract precise values of the spin-lattice relax-
ation rates, we still glean useful information from the
4relaxation measurements. The median of the probabil-
ity distribution for the 239Pu relaxation times is in the
range of hundreds of milliseconds to seconds and agrees
with the single crystal data.
11B POWDER NMR RESULTS
Data collected with 11B NMR in PuB4 support our ob-
servations from 239Pu NMR. 11B is an excellent NMR nu-
cleus with I = 32 and
11γ/2pi = 13.6629814 MHz/T [13].
This is advantageous for the discovery of the 239Pu sig-
nal, as one can first optimize the pulse conditions using
11B NMR before searching for 239Pu NMR. Furthermore,
it is useful to have a well-studied nucleus with which to
compare the shift and therefore gain insight into the hy-
perfine coupling to the Pu f -electrons that dominate the
magnetic properties of the material. A comparison can
therefore be made between the on-site hyperfine coupling
to the 239Pu and the transferred hyperfine coupling to the
11B.
Spectral Measurements
There are three crystallographic B sites with local sym-
metries Tetragonal (4 ), orthorhombic (m.2m), and mon-
oclinic (m). As such, all B sites are allowed by symmetry
to have a nonzero electric field gradient (EFG). This, cou-
pled with the fact that 11B has I = 32 , results in a more
complex powder spectrum than that of the 239Pu. The
field-swept spectrum at T = 4 K is shown in Fig. S3(a)
and (b). The spectrum consists of three overlapping but
well-distinguished powder patterns with differing shifts
and EFG parameters; the quantities used to generate
the simulation in Fig. S3 are listed in Table S2. We also
compare the experimentally determined EFGs to those
computed by DFT in Table S2. We note that there ex-
ists some ambiguity in the assignment of B(1) vs B(2) as
the B(2) site has a very small experimental value of the
EFG asymmetry parameter η.
To extract the temperature dependence of the 11B
shift, we collected fast Fourier transforms of the sharp
central transitions over a wide temperature range and
employed a multipeak fitting scheme as shown in
Fig. S3(c). We performed double-Gaussian fits on the
two spectrally dominant central transitions of 11B (see
Fig. S3). In this process we neglect the effect of second-
order quadrupole perturbation, which will slightly shift
and broaden the powder pattern by between 0% (for
H0 ‖ Vzz, which is the principle axis of the EFG ten-
sor) and 0.003% (for H0 ⊥ Vzz). The maximum second
order perturbation of the central transition is roughly an
order of magnitude less than the shifts that we find in
Fig. S3(d). The extracted shifts for the two spectrally
dominant peaks are shown as a function of temperature
in Fig. S3(d). We expect a transferred hyperfine cou-
pling to the Pu f -electrons mediated by B p-orbital hy-
bridization, which can be quite small in comparison to
the on-site hyperfine coupling of the 239Pu. We find little
temperature dependence of the 11B Knight shift, which is
in agreement with the bulk susceptibility [14]. The tem-
perature independence of the 11B Knight shift highlights
the importance of the large on-site hyperfine coupling of
239Pu which allows for the observation of gap-like behav-
ior in PuB4.
Spin-Lattice Relaxation
The spin-lattice relaxation rate of 11B was measured
at the central transition of the powder pattern. The cor-
responding normal modes relaxation equation for inver-
sion/saturation of the central transition of 11B is given
by,
MN (t) = MN (∞)
(
1− α
( 9
10
e−(6t/T1)
β
+
1
10
e−(t/T1)
β
))
.
(S7)
Because the 11B sites all have roughly the same shift and
similar EFG, we find that the central transitions overlap
as shown in Fig. S3(b). This results in a situation where
deviations from β = 1 in Eq. S7 could be caused by dif-
ferent relaxation at the three 11B sites and/or anisotropy
of the relaxation rate. The fact that the stretching ex-
ponent 11β ∼ 0.35 (fit shown in Fig. S4) is smaller than
239β ∼ 0.6 indicates that this spectral overlap likely con-
tributes to deviation from the expected relation function.
Single crystal studies where one can measure T1 at a well-
separated satellite transition of a single site are required
to extract the precise value of T1 for
11B. As the focus of
this work is the 239Pu, we chose to study a powder which
enables extraction of both 239Kc and
239Ka from a single
powder pattern at each temperature.
In spite of this overlap, we find that the relaxation
rate distribution of the 239Pu is peaked roughly an or-
der of magnitude faster than that of the 11B relaxation
rate distribution, indicative of the difference in strength
of the hyperfine fields at the nuclei. The magnitude of
the relaxation rates reflect that the Pu 5f -electrons are
in a non-magnetic configuration. If the 5f -electrons were
magnetic, then fluctuations of the transferred hyperfine
fields at the 11B site would drive fast much faster relax-
ation of the 11B, and fluctuations of the on-site hyperfine
field would drive extremely fast relaxation at the 239Pu
site such that the NMR signal would relax too quickly to
observe.
∗ adioguardi@gmail.com
5Experimental results Theoretical calculations
Site Wyckoff Position Occupancy Shift (%) |Vzz| (MHz) η (unitless) |Vzz| (MHz) η (unitless)
B(1) 4e 1 -0.0295 0.6 0 0.400 0
B(2) 4h 1 -0.0295 0.42 < 0.03 0.579 0.052
B(3) 8j 2 -0.0525 0.353 0.664 0.343 0.642
TABLE S2. 11B experimental spectral parameters and DFT calculated EFGs.
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